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Effects of Viscosity

v,
Two different effects : | —vicons nyaro
0.4 P T S
---- wviscous hiydro (flow amsctropy only)
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2) Momentum (D)
distribution function il e o
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p_(GeV)
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Seve ral ApprOaCh es De Groot’s book

© BGK

Bhatnagar, Gross and Kook (1954)
Marle (1964)

O Chapman-Enskog-Hilbert
Hilbert (1912), Chapman (1916) and Enskog (1917)
Marle (1964)

O Variational Methods
Robinson, Bernstein (1952), Van Leeuwen (1971)

O Moments Method

Maxwell (1867), Grad (1949) , Mintzner(1965)
Chernikov (1963), Stewart (1969), Marle (1966/69)
Israel&Stewart(1978)
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Several Approaches

Usually applied in
HIC

O Moments Method

Maxwell (1867), Grad (1949) , Mintzner(1965)
Chernikov (1963), Stewart (1969), Marle (1966/69)
__Israel&Stewart(1978)
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Several Approaches

However, the method was constructed
for a single component fluid

Usually applied in
HIC

O Moments Method

Maxwell (1867), Grad (1949) , Mintzner(1965)
Chernikov (1963), Stewart (1969), Marle (1966/69)
__Israel&Stewart(1978)
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What we investigate

O Moments Method for a mixture

O What are the differences ?
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Basics

Boltzmann Equation

K{;?I)a,ﬂj;i) — C[{f}]

Conserved Currents

uv v o r J7
= 1 Ni =2 au,NG,
i

i

Currents for each particle specie

HV H
T Id(omK K

ORNOMIO da, = d°K
i 3 -0
.[ d(r) K(r) () R v
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Basics

The separation

uoo_ U e — M
K(:‘) = u E(f) +A K{r{i} E{f) =Uu Kﬂ(f)

General form of the currents

v 7% (u Ly
) —E(I}H ‘w—=A (PU“)+H(U)+2qmu + 7T

o )7 Jui
Nm =nu" +Vv

(7)

Matching Conditions

&) = o) Ry = Ny ‘
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Basics

The separation

J,.f:' _ H L — ,H
Km =1 E +A Kgm E, =u Kﬁm

General form of the currents

v

uvo uv (u, v)
o =Epuu —AT (B +11 )+ 2q5u” + 7,

u’ +v: \ \ \

N4 =n 3 .
o = My .f) Bulk‘ Energy ‘Shear
Difusion
Particle
Difusion for each specie
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Irreversible Currents

I = —%mé)jda)@ﬁj}” AY =g —uu”
iy = I A, A K K 50,0 f A _ A<kv AaB>
C]éf} = _[da){f}E(f}Ava(fjgf(f) Symllnetric
+
— _[dw{f)A‘va(f)gﬁf) Traceless
Local Eq. distribution function Deviation
Jow = (QXP(/B@ 0~ %) T 1) 0ty = Joy = Jow
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Total Currents

" =euu” —AN" (B +11)+2q T

N =nu” +v”

= Z g
(7)
uv 1%
T =) g,
(i)
u Jz
9 = Z 9
(1)
ya = Z gV Diffusion relative to the
r @O @ 1 -
D net number density
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Grad’s Method (by IS)

Assume

o =(exp(r)£1)”

The following expansion is applied

Vir = Yo = E(E) +€,(E)AK, , +¢, (E, )ANK, K,

2 (1) LV

Expand in Taylor

&(Ey) = 6o T a1l T St
14 Moments Approx.
S,H(E(.f}) = 8{};;(1?}

+&,,LE =
S;JV(E(J.')) = 8{};11!

L) (i) (finite Bulk)
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Grad’s Method (by IS)

Assume

Joy = (E‘Xp( Vi) T 1)

The following expansion is applied

uvaf
K. oKz

Yy ~ Yow

. _ 2 1
Yoy =Yooy = € -I—SI”O)K(?} +8m (?}K(EJKI

S;JV(E(J.')) = 8{};11;
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Grad’s Method (by IS)

The expansion variables are determined using

Detinition of Currents

Matchine Cond. N2
g vi.=A"N
(1) “Yv(D)
uv._ uvy _ 4 a A uB
Ho My uv Huvaf
u, N NU )=20 e = A Tgﬁ(i)
| o
11, = Aﬂ'ﬁ (T(i) Tﬂ(f))

=,

And expanding™ ' 1~ 7 + foor AF Soo (Vo = Vo)
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Grad’s Method (by IS)

311
€ Joo(i) + €)Sio) T €@ l200) = — 5
(i)
€0)J103) T €(1)J200) + €2)J300) = 0,
€0)J200:) T €1)JS300:) T €2)Ja0) = O,
AMe 0y Ja (i) + A euy Sar) + A eu) Ju = —ng
A0y J31) + A epy Ty + A ey sy = —q

2017 €55 (0) azi) = T(5)
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Then,

But,

qu - qu(z’) — 0

9y % 0

Definition of L.R.F

We use the Landau picture

u, (I -1,"")=0

The energy flow for each particle specie
cannot be neglected

G. Denicol
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Solution

Jo (D)= Joi [1 +F foi) (gm 4 Py T Evn Py Py )]

£iy = Eoyll

(fJ

&)

v

Jz o
D H HU +D1{;)Q(;;+Dzmv(f)

_ mv . v (e _v) L) v
—BM(A 3uu’ ), +2B,,u'“q) + 2B, u“vi) + B, 7,
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&

(IJ

v

(7)

Solution

Jo(P)=Jow [1+ (lﬂt]&f))(g(:) &4y Py + Evin Py P ))]

£sy = Eoiylla

= D11,

?!‘” + D

14

+D,. v/

2(1)" ()

=B .(A‘“" 3us ‘")H +2B,,

0(7)

V) (u
qm + 233mu

V) » ,
o + Gy

uv

(i)

sty
o (2q-1)!!'[

1

2i)

2J

42(i)

G. Denicol

Tech-gm

shear viscosity

do , E" K> f, (1 i )




Solution

Jo(P)=Jow [1+ (lﬂt]&f))(gm &4y Py + Evin Py P ))]

£sy = Eoiylla

J7, y7,
m D H U —|—D1{F)qm-|—D oY)

el :BW(M” 3uu’ )II, + 2B,

V) (u
qm + 233mu

V) » ,
o + Gy

uv

(i)

|
B:(f) -
2J 42(7)

Boltzmann Gas

1
sty
o (2q-1)!!'[
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shear viscosity

B

1

2i) 2(

g(f) +P(i')

)77

do , E" K> f, (1 i )




Comment

1
> pshear I . .
(i) i)

2 i

> shear ] u v : -.
Ofy =Jou - 5 KoKyl  used so far
D (&, +Ry)
;

2 i)

ﬁ#V(f} . J

o 4o Z(S{j} +£5)
J

True ?
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&

Solution

Jo(P)=Jow [1+ (lﬂt]&f))(g(:) &4y Py + Evin Py P ))]

:E .H.

;;
&y = Doy LL gy ‘%J@ (0

({f; :BU (A””" — 3uu’ H -I—’ (u ” -I-’H{’”

2(i)

v+ B, .zl

(i)

D _J31[f]
1) —
J.o S =T S

31()Y 31(%7) 41(7)* 21(7)

t
Energy difusion
}
le(:')
bo =T
31()Y 31(7) 41()* 21(i)
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31(7)Y 31(7) 1) 210)

t
Particle ditusion
'
_J31(,+}
o = oo T =T, T
31()* 31(7) 1()H* 21(7)




Solution
_f(;') (p) :.f(}(f) |:1+(11]:)(r‘))(8(3} ,u(r)p{x} ,uv(r)p{f)p( ))]

&) _Hm

y7, J7, y7,
gt Hmu + D, gl + Dy Vi

v uv ., v (i _v) L] v
Ei )(A 3u'u )H“.)-I—ZBWJH qm-l—ZBBm? B,

Jooo S =d, S
2 B 2 31(1)* 30(2) 41(1)"* 20(i)
DO(E’) - 'Elf)BU(r'}’ E‘;)(f) ’1(1)33’(?) Cl(r’} = Mgy — —4
1 J3{:r(z)Jm(:') - JED(:’)JEDUJ
131(1') ~ . J 31(;)J 20(i) -J 41(:;:‘] 10(i)
3oy 303 T M) T [ | Coy =4 T T —J. T
30()° 10(i) 2003)° 20()

\

bulk viscosity
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Grad’s Method

lCoeflficielnts |

100000 f—————T————

10000 E

1000 ¢

100 ] ] ] ] ] ] ] ]
0
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Closed Equations — Bulk and Shear

;) _ v

+ z—(sﬁ’z—JrC t-ﬂz-)9+%m’f‘f“-ﬂu

7 e T oo co) T o T6) ) €+ Crn o) (5 O
J7F1

dll; N ;)

—CTn() T — @Hn{i}”ﬁ;;% - .ﬁnn(ij”ﬁ ) V(i)

_[;nq{i}a#q“ — an{zjt}'ﬁjﬁ# — an[t}{}'ﬁ]v“fkﬂ(t]

v pr —

2) " (2) ;T(J") . . ) v (p IpTa T via 1 { [

ar T (i) " g TG (-'3'@&') + ”m{i)“iﬂ) T = M Ta @ T 2@ T | g T g ) "0
jF

u) ( Y ( Y
+2??-rrn{2)(-i]v{'u n(z) + Q.B-rrn(i]n{:;v )Q’{l(-i) — Qafﬁn{i}'n(s-u )

7 ) / { vy ) ST
21V 90 + 2Brar 80 V7 00 — im0 8

Transport coefficient £ 1s independent of the approximation

only 75 depends on the collision term
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Closed Equations — Bulk and Shear

dil) | g ) v
+ + = - (-Sq{i} + Crmm”m) 0+ Crm(s) T3y T
dr g ; I G) ©
- T T
_[:'1'[?1(-3'] 3#*‘-”“ o ann{i}n{ijuﬁ o -81_[?1(-1'} n{z’}v#&ﬂ{t}
- [T 7
_%Hq{f}a,uqﬂ — OTIg(a) 95 Y — .Sﬂq(fjfi'(.i]vgaﬂ(i]
ey < < "
2 2 J 1 o8 IR T SO P Y M
d»— —’- — —|— Z — = Z (Sﬁ'(z) —l— ?’;Wn{ajn{lj) {T'u — anr?u‘[:-i:lﬂa{i)g > —I— 27['&{2.)“} } — (§ ‘l‘ 67;}?1—:7(3-)) Tr(?,:l
! Tar(a) ji Tr(i)(5)
v) { v (B v
—'—2??-#1'1{2] (z)\_’{“n(z) + zﬁwn(z)ﬂ{,ﬁv )Qig(.i] — 2&?‘-”{”%(5 U )
7 ) / { vy ) ST
20 g(2)(0) V' 4 + 2rg(iy 0 V  t0(s) — 20mgig fy i

| . a6 76 v
Eqgs. will depend on
S f ,
nnnnnn - H 2 qJ” 2 73””1 2 V':'” (pL_)881ble‘?)

™ H 1
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Relaxation Times

Massless limit, Boltzmann Gas, Constant Cross Sections

3 4
—1 E :
T??(“i) — gﬂ'iiﬂ(}(ﬂ —|— 5 nD(j)Jija

JFi
. 1
Tois) = T 571M00)"

If all cross sections are the same we return to a degenerate
gas
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2 Components

Massless limit, Boltzmann Gas, Constant Cross Sections
Bjorken Scalling

dﬂ'l 1 1 4P0(1) 4 (31) 4‘3‘1‘1
+ T+ Ty = - '
dt Th(1) Th(12) 5 371 7 /) 91
d 1 1 4P 4 31\ 4
ik + To + T = 22) — ( ) m.
dt Th(2) Th(21) 5 371 7 /)] 9t
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0,,0.001,0,,=5

12— Viscosities
o, —0,,-0.001
_ T,
08 —
04 —
0 | | | | |
0 1 2 3 4 5
T

G. Denicol Tech-gm



0,,20.001,0,,5

12 — Viscosities
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0,=0.0010,,=5

12 7 Viscosities
M
i T,
710
0.8 —
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04 — [
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\
| N N
| ! " \‘:\; \
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( T —_ —
° T | | | |
0 1 2 3 4 5
T
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Conclusions

O Corrections to the equilibrim distribution function
will depend on the 1rreversible currents for each
particle species

O Same will happen for the equations of motion

Can we obtain hydro?

G. Denicol Tech-gm



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32

